Abstract TEMPOL, a cyclic nitroxide stable radical blocks biological damage by breaking chain reactions through termination reaction with free radicals, and by inhibiting the catalytic effect of transition metals. This study tested its protective effect on two models of experimental colitis as free radicals play an important part in their pathogenesis. TEMPOL was given intragastrically immediately after induction of colitis with acetic acid or trinitrobenzene sulphonic acid (TNB) and mucosal damage was assessed one, three, or seven days later. Celiular partition of TEMPOL was determined by electron paramagnetic resonance spectroscopy. In vitro experiments showed that TEMPOL immediately penetrates colonic mucosa and, foliowing its intragastric administration, it persists in both gastric and colonic mucosa for several hours. Intragastric administration of TEMPOL, 0.5 glkg/bw, immediately after intracaecal administration of 5%/o acetic acid significantly decreased mucosal lesion area, myeloperoxidase activity, and leukotriene B4 and C4 generation when assessed 24 hours after damage induction. Intragastric administration of TEMPOL, 0.5 g/kglbw, immediately after intracolonic administration of 30 mg TNB in 0.25 ml 500/o ethanol, and once daily thereafter, significantly decreased mucosal lesion area assessed after one, three, and seven days, having no effect on LTC4 generation and affecting colonic weight, myeloperoxidase activity, and LTB4 generation only sporadically. In conclusion, TNB and acetic acid induced colitis can be pharmacologically manipulated by TEMPOL. TEMPOL may be beneficial in the treatment or prevention of inflammatory bowel disease. (Gut 1995; 37: 386-393) 
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The inflamed intestinal and colonic mucosa in inflammatory bowel disease is infiltrated by equally prominent components of neutrophils, macrophages, and lymphocytes. [1] [2] [3] Although the trigger provoking inflammation of colonic mucosa in inflammatory bowel disease is unknown, there is mounting evidence to suggest that interactions between free radicals and redox-active metals play a key part in its amplification.-6 Oxygen derived active species are readily available in the gastrointestinal tract. Their major potential sources include stimulated leucocytes, xanthine oxidase, colonic bacteria, and epithelial lipooxygenase activity. Xanthine oxidase, which catalyses reduction of oxygen, yielding 02 and H202, is activated by proteases released either from inflammatory cells or from dying epithelial cells.
The comparative scarcity of antioxidant enzymes, such as superoxide dismutase and catalase, further amplifies the vulnerability of the colon toward the deleterious activity of the oxygen derived species.7 8 Moreover, the therapeutic effect of 5-ASA in inflammatory bowel disease is ascribed also to its potent function as an antioxidant. 5-ASA is a scavenger of neutrophil derived hypochlorous acid9 and an effective intracellular and extracellular scavenger of superoxide. [10] [11] [12] If a radical mediates biological damage, its sequestration by another radical will provide better protection. This strategy has been adopted by using nitroxides to protect cells,13 organs,4 and whole animals.'5 Cyclic nitroxides are cell permeable, non-toxic, stable radicals, capable of catalytically dismutating superoxide radicals yielding H202 and molecular oxygen. Nitroxides were recently shown by us to protect the upper gastrointestinal tract against injury induced by various irritants. 16 In view of the challenge to prevent flare up or to ameliorate the inflammatory response in inflammatory bowel disease, and to acquire a better understanding of the pathogenesis of colonic damage, the protective effect of TEMPOL, a hydrophilic nitroxide radical, was evaluated in experimental colitis. anus was resected, its lumen rinsed with ice cold saline and weighed. A cross section was obtained for histological assessment and the remaining mucosa was scraped, minced, and stored at 4°C. Samples of these mucosal scrapings were processed for determination of myeloperoxidase activity, leukotriene B4 (LTB4), and leukotriene C4 (LTC4). Treated rats were given TEMPOL (0 5 glkg) intragastrically immediately after induction of colonic damage and once daily thereafter until death. In another experiment TNB was coadministered intrarectally with 30 mg TEMPOL and rats killed 24 hours later. Apart from saline treated rats, an additional control group of rats was treated with 0.5 g TEMPOLJkg/bw alone and killed 24 hours later.
Acetic acid induced colitis Male rats weighing 200-250 g were fasted for 24 hours. Under light ether anaesthesia, a midline abdominal incision was made, the colon isolated, and the junction of caecum and ascending colon ligated. Two ml of 5% acetic acid were injected into the lumen of the colon at its proximal part through a 25 gauge needle, followed by 3 ml of air, which cleared most of the acetic acid from the colon12 and the midline incision was closed. Control rats were treated with saline. Treated rats received TEMPOL intragastrically at doses of 0a 1, 0 3, 0.5, or 0.75 g/kg/bw immediately after induction of damage. Another group of rats received TEMPOL 0.1 g/kg/bw intragastrically 30 minutes before damage induction, immediately after damage induction, and then every hour for the next three hours. Another group of rats was treated intragastrically with superoxide dismutase 75 Ulg/bw immediately after damage induction by acetic acid. Control rats in this experiment were given bovine serum albumin 015 g/kg/bw intragastrically. In all experiments rats were killed 24 hours later, their colons removed, and handled as with the TNB model.
Assessment of mucosal damage
Mucosal damage was assessed macroscopically by measuring lesion area expressed in mm2/rat.
All measurements of damage were performed blindly by two observers using a stereomicroscope.
Morphological studies Colonic segments were fixed in phosphate buffered formaldehyde, embedded in paraffin wax, and routine 5 ,um sections were prepared. Tissues were routinely stained with haematoxylin and eosin and blindly evaluated by light microscopy.
Determination of myeloperoxidase activity Samples of 200 mg of mucosal scrapings were homogenised three times for 30 seconds each at 4°C with a polytron (Kinematica GmbH, Kriens-Luzern, Switzerland) in 1 ml of ice cold 0-5% hexadecyltrimethyl-ammonium bromide in 50 mM phosphate buffer, pH 6. The polytron probe was rinsed twice with 1 ml of the buffer and the washings were added to the homogenate. The homogenate was then sonicated for 10 seconds, freeze thawed three times, and centrifuged for 15 minutes at 40 000 g. An aliquot of the supematant was taken for determination of the enzyme activity, B/Bo displacement of 50% is obtained with 34 ng/tube and 80% B/Bo displacement with 9.5 pg/tube of LTC4.
Electron paramagnetic resonance measurements Samples of colonic mucosa (20-50 mg wet weight) were excised immediately after death and placed in a special groove of a standard quartz made tissue cuvette. Liquid samples were drawn into a gas permeable, Teflon capillary of 0.8 mm inner diameter. The capillary was inserted into a quartz tube open at both ends and then inserted into the electron paramagnetic resonance cavity. During the experiment the sample within the spectrometer cavity was flushed with air, without disturbing the sample, and the electron paramagnetic resonance spectra were recorded on a Varian E9 X-band spectrometer operating at 9.45 GHz, 100 kHz modulation frequency, 1 G modulation amplitude, and 20 mW microwave power. Time after TNB treatment (days) Figure 3 : Effect of TEMPOL on lesion area in TNB/ethanol treated rats. Colitis was induced by the intracolonic administration of 0.25 ml 50% ethanol containing 30 mg TNE as described in Methods. Treated rats were given TEMPOL (0O5 g/kg) intragastrically once daily. Rats were killed 24 hours, 72 hours, or one week after damage induction, the colon isolated, and lesion area in the 10 cm distal colonic segment was measured. Results are mean (SEM). *Significantly different from TNB treated rats only (p<0 05).
Results
Nitroxide's partition into cells Because TEMPOL is a free radical its concentration in the tissue as well as distribution between intra and extracellular compartments can be readily achieved using electron paramagnetic resonance spectroscopy. To ascertain that TEMPOL does indeed enter the mucosal cells, the effect of paramagnetic line broadening agent, which is excluded from the cells, on the electron paramagnetic resonance signal of the nitroxide was examined. In principle, a distinction between the electron paraj magnetic resonance Figure 1 shows the results o a typical experiment, which compares the elec tron paramagnetic resonance signal seen upoi scanning a sample of 20 ,ul 1 mM TEMPOI (Fig LA) with that containing 20 pAl TEMPOI plus 20 pAl CrOx 300 mM (Fig 1B) . Obviously the TEMPOL signal disappeared. However the signal was partially restored upon the addi tion of 16 mg colonic mucosa sample (Fig 1 C)  As Fig 1 shows, Figure 6 : Effect of TEMPOL on colonic mucosal LTB4 generation in TNB/ethanol treatec rats. Experimental conditions as detailed in Fig 3. The colon was isolated, washed, the mucosa was scraped, extracted, and colonic mucosal LTB4 generation was determined as described in Methods. Results are mean (SEM). *Significantly different from TNB treatec rats only (p<005).
in colon weight, increase of LTB4 generatior and myeloperoxidase activity. TEMPOL, whex given by itself, decreased LTB4 generation with out affecting the other parameters. Intragastri( administration of TEMPOL (0.5 g/kgfbw in TNB treated rats did not affect LTC, generation at all and reduced colonic weight myeloperoxidase activity, and LTB4 onl:
sporadically, but it significantly decreasec mucosal lesion area after one, three, and sever days (Figs 3-7) . Coadministration of TNB an( TEMPOL intrarectally did not significantl3 affect the extent of damage induced after 2h ours by TNB: 503 (115) mm2 (n=9).
In TEMPOL+TNB treated rats the effec of TEMPOL on the morphological appearanc was less remarkable than its effect on th4 macroscopic appearance of the mucosa. On and three days after TNB administration in al rats, section through the colonic wall showec widespread mucosal ulcerations with oedem. and an acute inflammatory cell exhudate in th Time after TNB treatment (days) Figure 7 : Effect of TEMPOL on colonic mucosal LTC4 generation in TNB/ethanol treate£ rats. Experimental conditions as detailed in Fig 3. The colon was isolated, washed, the mucosa was scraped, extracted, and colonic mucosal LTC4 generation was determined as described in Methods. Results are mean (SEM). *Significantly different from control (p<005).
lamina propria, extending also into the muscularis propria. Cross sections through the intestinal wall of rats treated with TNB and TEMPOL showed similar findings, albeit with slight decrease in the inflammatory infiltrate in the lamina propria and muscularis propria. Morphological examination of colonic sections obtained from TNB treated rats after one week of TEMPOL treatment showed, in 50% of them, relative protection of the mucosa. The necrosis was patchy affecting mainly the mucosa and submucosa. The mucosal ulcerations were superficial and less extensive than those seen in rats treated with TNB.
2 Acetic acid induced colitis Acetic acid induced extensive colitis. Twenty four hours after its administration, the lesion i area was 372 (48) mm2 (Fig 8) .
Myeloperoxidase activity increased from 1.5 (0.5) U/g in saline treated rats to 3.5 (0.7) U/g in acetic acid treated rats (Fig 9) . Mucosal LTB4 and LTC4 generation was also signifia cantly increased in acetic acid treated rats, n compared with saline treated controls -(p<0 05) (Figs 10 and 11 ). In rats treated with TEMPOL immediately after induction of damage with acetic acid, 4 there was a significant reduction in the lesion t, area (Fig 8) but not in the wet weight (Fig 12) . y The reduction in lesion area started at a dose d of 0.1 g/kg/bw and reached its maximal effect n of 87% reduction at a dose of 0.5 g/kg/bw d (Table) . The protection provided by y TEMPOL was accompanied by a two to three- 4 fold decrease in mucosal myeloperoxidase activity (Fig 9) , LTB4 ( Figure 10 ), and LTC4 .t generation (Fig 11) . Administration of five e doses of TEMPOL to acetic acid treated rats e before and after damage induction did not proe vide further protection compared with that in 1 rats treated with a single dose of TEMPOL. d Superoxide dismutase administration, immea diately after damage induction, had no protece tive effect on the colonic mucosa, lesion area being 310 (80) mm2 (n=10) and segmental weight 1.27 (0.12) g/10 cm (n=10). Intragastric administration of bovine serum albumin also did not protect against acetic acid induced colonic damage (results not shown).
Histological sections of colonic segments obtained from 10 of 10 acetic acid treated rats showed widespread deep ulcerations with an extensive acute inflammatory cell exhudate. There was marked oedema with haemorrhages in the submucosa with an extension of the infiltrate into the muscularis propria (Fig 13) . In contrast, the colonic wall of eight of nine rats treated with TEMPOL (0 5 gfkg/bw) showed an intact mucosa, with only a mild inflammatory infiltrate confined to the mucosa (Fig 14) . In one rat the protection provided by TEMPOL was less effective and mild mucosal ulceration was present.
Discussion
Reactive oxygen metabolites mediate cell injury. Oxygen derived free radicals are generated by 27 The short half life of exogenously given superoxide dismutase, however, and its inability to penetrate into cells where superoxide is formed, limited the potential of this treatment and led to a search for cell permeable compounds possessing superoxide dismutase mimic activity.28 29 The results presented in Fig 1 clearly show that TEMPOL immediately partitions into mucosal cells. After its intragastrically administration, TEMPOL partitions into both gastric and colonic mucosa and persists there for several hours (Fig 2) . TEMPOL is a nontoxic, cyclic nitroxide stable radical, which blocks biological damage by breaking chain reactions through selective termination reactions with deleterious free radicals.'3 In this study, intragastrically administration of TEMPOL immediately after the induction of colitis, by acetic acid provided significant and impressive protection. The protective effect of TEMPOL was reflected by a dose dependent decrease in the lesion area and was accompanied by a significant decrease in the level of the inflammatory mediators. TEMPOL provides less remarkable protection against injury induced by TNB/ethanol. In this model of experimental colitis the protection reflected by a decrease in the lesion area was not correlated with histological appearance or with significant decrease in the generation of the inflammatory mediators. The different type of insult in the two models might be responsible for the different protective effect of TEMPOL. The injury induced by acetic acid is superficial affecting the mucosa, whereas in the TNB model the damage is more extensive and extends also to the muscularis propria. Figure 9 : Effect of TEMPOL on colonic myeloperoxidase activity in acetic acid treated rats. Experimental conditions as detailed in Fig 8. The colon was isolated, the mucosa was scraped, and myeloperoxidase activity detennined as described in Methods. Results are mean (SEM). *Significantly differentfrom control (p<0-05).
tSignificantly different from acetic acid (p<0-05). The optimal schedule and mode of administration necessary to obtain maximal protection deserve further clarification.
Several mechanisms, all of which entail an interception of paramagnetic species, underlie the protection provided by nitroxides: both the nitroxide and its respective hydroxylamine can react with 02-yielding 02 and H202, whereas the concentration ratio of the oxidation-reduction couple remains time invariant and independent of 02-flux. 30 protection afforded by nitroxides, as presented here, was greater than that reported to be afforded by superoxide dismutase in mice and guinea pigs against acetic acid induced colitis and that provided by catalase against acetic acid induced colitis in rats. 23 However, superoxide dismutase was reported to almost completely protect isolated rabbit colonic loops exposed to TNB/ethanol. 24 The different species and experimental designs are probably responsible for the different results. The greater efficacy of nitroxides in amelioration of experimental colitis is probably due to their penetration of cell membranes and, thus, their capability to neutralise intracellular free radicals and oxidation-reduction active labile transition metal ions.
In the acetic acid model and seven days after damage induction with TNB/ethanol, the protective effect of TEMPOL was accompanied by a significant decrease in myeloperoxidase activity. The mucosal value of myeloperoxidase activity was shown to correlate with the severity of the inflammatory response in experimental colitis34 and its reduced activity herewith seen, further confirms the protective effects of TEMPOL. For acetic acid treated rats the protective effect of TEMPOL was accompanied by significant decrease in mucosal LTB4 and LTC4 generation. In TEMPOL treated rats only 72 hours after damage induction with TNB/ethanol, the generation of LTB4 was significantly decreased whereas LTC4 generation was not reduced. In the acetic acid model, with or without TEMPOL there were no significant intragroup correlations between lesion area, colonic weight, and the various biochemical parameters measured. In the TNB model without TEMPOL there were a significant correlation, at 24 hours, between myeloperoxidase activity and lesion area (r=0.5) and weight (r=0.6). At one week in TEMPOL+TNB treated rats there was a significant correlation between lesion area and LTB4 generation (r= 06). The lack of significant intragroup correlations among the various variables within each group probably results from different biological behaviour of individual animals within the group.
In summary, this study shows that both the acetic acid and TNB/ethanol models of colitis can be manipulated by TEMPOL, a non-toxic, cell permeable, cyclic nitroxide. The protection afforded by TEMPOL further implicates oxygen derived free radicals in the pathogenesis of experimental colitis and provides a novel approach towards the possible treatment or prevention of inflammatory bowel disease, or both.
mucosal damage in experimental colitis.
A stable nitroxide radical effectively decreases 
